The stress-induced lattice changes in a p(1 × 2) ordered oxygen layer on W(110) are measured by low-energy electron diffraction. We have observed that small oxygen islands show a mismatch with 
I. INTRODUCTION
Surfaces of solids present interesting phenomena owing to their reduced dimensionality and nontrivial symmetry, having the semi-infinite bulk on one side and vacuum on the other. From a simplified point of view, the charge freed up by the absence of the vacuumside bonds has to be redistributed, resulting in major changes in the elastic, 1 magnetic, 2 and other thermodynamic 3 properties of the surface as compared to the bulk. Often this results in structural modulations in order to minimize the energy and reduce the stress on the surface. On the other hand, adsorbates may induce similar effects, restructuring the surface at atomic or mesoscopic length scales. 1, 4 Our study is based on such observations, and aims at a better understanding of the elastic properties of adsorbate-covered crystal surfaces.
Determination of surface stress, which is central to understanding self-organization processes on crystal surfaces, has proven to be a challenge. Especially, the few studies that compare experiment and theory do not provide a systematic level of agreement. Two such comparisons are on the change of surface stress upon oxygen adsorption on Pt(111) 1, 5 and Cu(100). 6, 7 In the first case, the calculation result is somewhat lower than the experimental one, whereas in the case of O/Cu(100) the theory exceeds the experimental results by a factor as large as 3. In a similar study, the calculation significantly underestimates the experiment on O/Ni(100). 8 The uncertainties are attributed to the sensitivity to the boundary conditions in the setup and the macroscopic nature of the measurement in the crystal bending experiments, by far the most popular technique regarding adsorbate induced surface stress, and the lack of convergence in the density functional theory (DFT) calculations.
Therefore, additional means of measuring surface stress are very important.
To this end, one could consider the lattice relaxations upon stress release at a boundary.
Strain relaxation in finite-size objects is not surprising, as it is reasonable to expect that the boundaries (be it one-dimensional or two-dimensional) will assume a configuration minimizing the forces. Indeed, pioneering experimental studies regarding the change of the lattice constant of tiny three dimensional crystallites were done in the early 1950s, 9 and somewhat later the connection of this observation to surface stress was established. 10 In these studies the contraction of small spherical metal crystals was explained through the radial forces applied by the surface to the inner part of the particles, laying out the basis for understanding our experimental observations.
Regarding surfaces, there is a wide range of studies on elastic effects due to a variety of defects such as single atoms, atomic steps, and three dimensional adsorbate islands.
Within the general framework, defects are modeled as local forces that induce long-range elastic relaxations on the surface and in the bulk (see Ref. 11 and references therein). The propagation of the displacements into the bulk has been demonstrated most notably by xray diffraction analysis. 12 However, the relevant interactions are often confined to the most superficial layers, as in the case of O adsorbed on Pt(110)-(1×2).
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Following this argument, to a first approximation, an adsorbate island can be considered as a two-dimensional crystallite with a one-dimensional boundary. In the case of pseudomorphism, the adsorbate lattice locks on to that of the underlying crystal. However, for small monolayer islands, the stressed layer might be able to -at least partially-relax through its boundaries, and we can expect a mismatch between the adsorbate and the substrate. There is already experimental work pointing to such relaxations both on metals and on semiconductors, using real space imaging and diffraction techniques. 13, 14, 15, 16 On the theoretical side, recent simulations show deviations from pseudomorphic positions for small two-dimensional islands.
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In this paper, we demonstrate that quantitative information on surface stress can be obtained by measuring such deviations from pseudomorphism as a function of the size of the monolayer adsorbate islands. We observe that small islands of oxygen on W(110) behave similarly to the cases mentioned above showing a mismatch to the underlying lattice, a 0 , depending on their size and the crystallographic direction within the surface plane. The micro-spot low energy electron diffraction (µ-LEED) measurements were performed with the SPELEEM microscope in operation at Elettra, Italy. 21 The instrument combines a variety of techniques including µ-LEED and low energy electron microscopy (LEEM). The specimen is illuminated with an electron beam generated by a LaB 6 gun (energy width of ∼ 0.6 eV), at a flux density of less than 10 −2 nA/m 2 . In LEED operation mode, the microscope images the diffraction pattern produced by the sample at the back focal plane of the objective lens. 22 The probed area on the surface is selected by inserting an aperture, which defines an incident electron beam of 2 µm in diameter.
Prior to the µ-LEED measurements, a micro-region with a single mono-atomic W step was chosen using the LEEM mode, in order to avoid broadening of the diffraction peaks due to step bunches. The reciprocal space calibration and the measurement of the transfer width of the instrument were performed in such a region of the clean unreconstructed (1 ×1) A blow-up of the (0,-1/2) spot is shown in the inset.
W surface. We determined an instrument transfer width of about 110Å at 30 eV electron energy.
The W(110) crystal was cleaned by annealing at 1000 C in 2 × 10 −6 mbar oxygen and subsequent high temperature flashes in ultrahigh vacuum to remove oxygen. The base pressure of the experimental chamber was 2.5 × 10 −10 mbar. During the high temperature flashes, the pressure remained below 3 × 10 −9 mbar. The sample was checked using LEEM and LEED in order to confirm the absence of tungsten carbides forming on the surface.
In order to form the adsorbed oxygen phases, molecular oxygen was dosed using a precision leak valve at a partial pressure of 5 × 10 −9 mbar as measured by an ion gauge. During the dosing, the LEED pattern was acquired every 20 sec, with the sample kept at 450 K.
An electron energy of 30 eV was used for the diffraction measurements, corresponding to the intensity maximum of the half-order spots of the p(1 × 2) structure. For the oxygen pressure used, the best p(1 × 2) order was obtained upon exposure of about 4.5 Langmuirs, assigned to 0.5 ML oxygen coverage. The resulting LEED pattern is displayed in Fig. 1 .
B. LEED Measurements
Adsorption of oxygen on W(110) has been thoroughly investigated in the past. 23 It is well known that for coverages below 0.5 ML, oxygen can be found in islands of p(1×2) order, which evolves into p(2×2) and (1×1) reconstructions with increasing oxygen coverage.
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In spite of the stress induced by the oxygen layer, the effective attractive interactions between the oxygen atoms manage to stabilize ordered islands even at very low oxygen coverages (note that effective interactions include attractive nearest-neighbour, repulsive nextnearest-neighbour of similar magnitude, and attractive but weaker third-nearest-neighbour interactions 25 ). 
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In the analysis of the half-order spot profiles, both Gaussian and Lorentzian fits were used in order to extract the full-width at half maximum (FWHM) values and the spot positions.
A slowly varying background was subtracted as a low order polynomial. At high coverages, close to 0.5 ML, the peak shapes are predominantly Gaussian with a weak Lorentzian tail, whereas at the lowest coverages both fits gave equally good results. The Lorentzian tail at higher coverages is consistent with the results of Wu et al. pointing to a bimodal island-size distribution. 25 Nevertheless, for simplicity we will consider only the mean value of the size distribution extracted from the width of the dominant Gaussian contribution. kind:
where the left hand side corresponds to the measured average fractional mismatch of the oxygen lattice with respect to the W(110) surface. L is the linear size of the oxygen island along the direction of interest, and A and p are the two parameters used to fit the data.
The parameters resulting from the fit are displayed in Table I .
0.56 ± 0.05 1.04 ± 0.05
−0.78 ± 0.21 2.77 ± 0.29 Fig. 3 . The definition of the parameters A and p is given in Eq. 1.
As seen in Table I, 
III. MODELING STRAIN RELAXATION
Assuming that lattice relaxation in finite-sized objects is limited to the boundaries, one would expect that the average lattice spacing should converge to a fixed value (to the bulk value for 3-dimensional crystals, or to the underlying lattice for a 2-dimensional pseudomorphic film), and that the difference from the bulk lattice should be inversely proportional to the object size. This statement is independent of the dimensionality, as the bulk divided by the boundary always gives the linear dimensions of the system. The idea can be formulated through a fractional mismatch:
where L is the linear dimension along the direction under study, and a 0 is the lattice constant expected from an infinite object. One can safely assume that this simple scaling argument holds for larger objects. However, at the limit of a few atoms, this is not necessarily the case, as the interactions giving rise to stress may be modified due to finite size effects.
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Keeping this in mind, we note that for O/W(110) the average relaxation along [110] scales as 1/L all the way down to the smallest linear dimensions. Indeed, inverse scaling is represented by the solid line in Fig. 3a , which follows the experimental points throughout The almost perfect inverse scaling in the measurements encourages one to extract quantitative information from the data using a simplified model. The information specific to the system under study is coded in the proportionality factor in Eq. 2, which we had termed as A earlier in the experimental section. Having access to a single experimental coefficient, we will make a set of assumptions in order to reduce the number of parameters in the model problem:
i) The displacements due to strain relaxation are assumed to be limited to the oxygen layer, with the tungsten atoms fixed.
ii) [110] direction is treated independently of [001].
iii) The stress difference (across the island boundary) is assumed to be manifested as a point force at the island boundary within the surface plane. In the third assumption, we replace the net force distribution at the island boundary by a point force proportional to the surface stress difference between inside and outside the islands. 11, 12 The resulting model for the adsorbate island is shown in Fig. 5 . The interactions between the oxygen atoms are sketched as springs, whereas the effect of the tungsten substrate on the oxygen atoms is shown as a periodic potential profile. Therefore, we have reduced the problem to that of a one-dimensional finite-size Frenkel-Kontorova chain. 28 Within such a model, only the nearest-neighbour interactions are considered. We will make an additional assumption accounting for all interactions going beyond the nearest-neighbours into an effective spring constant.
The relevant parameters in our model can be seen in Fig. 5 . The substrate potential is defined by its period, a 0 , and a force constant, k 0 . The oxygen-oxygen bonds are modeled as springs, with an equilibrium length, a 1 , and a spring constant, k 1 . The relaxation of the oxygen-oxygen springs in the presence of the boundary is given by the distance of the i th oxygen atom to the i th adsorption site, which we denote as ∆x i . Assuming harmonic interactions, the total energy of a (2N + 1)-atom adsorbate chain is
where we have assumed symmetry around the center with the center atom fixed (∆x i=0 = 0).
The positions in the ground state are found by setting the net force on each atom to zero (∂E/∂x i = 0).
The fractional mismatch of the adsorbate chain to the substrate can be expressed as
where the length of the chain is L = (2N + 1)a 0 . The second equality is due to symmetry.
From a comparison of Eqs. 1 and 4, we see that A = 2∆x N . In words, the coefficient of the power law is directly related to the displacement of the boundary atoms.
Although the statement of the problem looks simple, a general analytical solution is surprisingly difficult to find. Instead, it is possible to approximate the solution for the
where f (k 0 , k 1 ) is a function which can be evaluated numerically (see Appendix). It can be approximated as f (k 0 , k 1 ) = k 0 + ck 1 , where c is a factor of the order of unity depending on the ratio of the force constants (c ≈ 1 for k 0 >> k 1 ). F is the net force on the boundary atom corresponding to the change in the stress across the boundary. The higher order terms on the right contribute only for very small island sizes, L < 4a 0 , above which they are negligible. As expected for a one-dimensional system, the unit of stress is that of force. The connection to the actual stress on the two-dimensional surface along the direction of the chain can be established by
where a 0⊥ is the unit length (defined per atom) along the perpendicular direction, and ∆τ is the change of the actual surface stress across the island boundary. We note that, in this model, F and ∆τ do not depend on L, consistent with an experimental 1/L scaling of ǫ. Hence, ∆τ corresponds to the macroscopic surface stress induced by the chain in the asymptotic limit (L → ∞). Putting together Eqs. 5 and 6, we obtain the measured coefficient as
which in essence states that the movement of the boundary atom is proportional to the net force on it, and is inversely proportional to the steepness of the potential well in which the atom is sitting. Through this expression we have a means to relate the experimentally measured power law coefficient, A, to the macroscopic surface stress.
In the next sections, we will combine the results of this model with those from our ab initio calculations. In particular, we will evaluate the microscopic force constants k 0 and k 1 from DFT calculations. We will then compare the resulting stress from Eq. 7 to the macroscopic surface stress obtained from the first-principles calculations.
IV. AB-INITIO CALCULATIONS
We have performed DFT pseudopotential calculations in a plane-wave basis, using the PWSCF code. 29 The surface stress was calculated analytically on the basis of the expression derived by Nielsen Table III .
There, the l and z displacements in the p(1 × 2) reconstruction are shown for the relaxed slab in reference to the calculated W bulk lattice constant, which is given in the first column. 
V. SURFACE STRESS AND LATTICE RELAXATION
In order to get an estimate of ∆τ along [110] from the strain relaxation measurements using Eq. 7, we have evaluated the force constants from the ab-initio slab calculation described in the previous section by moving atoms infitesimally and following the change in energy. The parameter k 0 , which corresponds to the onsite potential profile felt by the oxygen atoms, was found to be k 0 = 8.6 eV/Å 2 by sliding the oxygen layer rigidly over the surface. 39 Similarly, the oxygen-oxygen force constant was obtained to be k 1 ≈ 0.6 eV/Å The results of our surface stress calculations and of the relative stress between O/W(110) and W(110) surfaces. For comparison we give in the last two columns the surface stress change obtained from our LEED analysis and from a previous experiment using the crystalbending method. 42 The values are all given in N/m. A positive sign corresponds to tensile stress.
The calculated surface stresses along [110] and [001] of the clean W(110) surface are both tensile. This is in qualitative agreement with the previous theoretical estimates. 35, 36 We note, however, that our surface stress values are larger than the average surface stress of However, experimental values do exist for a related quantity which contributes to the surface stresses: the surface energy. 19 Our calculated surface energy of 3.5 J/m 2 is within the range of the available experimental data, 2.8 -3.7 J/m 2 . 43 .
As for the oxygen induced change in the surface stress, the crystal-bending data 42 have the same sign but differ considerably in magnitude from our result. As seen in Table IV A quantitative comparison between the ab-initio calculations and the crystal-bending results from Table IV is less satisfactory, as the calculation is a factor four above the experimental value along [110] . This, although discouraging, illustrates the problems in the surface stress studies. One problem noted in the mentioned experimental study is the adsorption of oxygen also on the back side of their crystal, which should result in a reduction of the measured stress by about 25 %. 42 In addition, as suggested in the introduction, part of the reason for the difference between experiment and theory is to be sought in the macroscopic nature of the crystal-bending measurements, since the presence of domain boundaries relieves the stress on the adsorbate covered surface. Indeed, our LEED analysis shows that even at 0.5 ML oxygen coverage, which corresponds to the best p(1 × 2) order, the oxygen lattice is relaxed along [110] by as much as 0.5 %. At room temperature, this relaxation should be more pronounced due to the smaller domain sizes. As a consequence, the surface stress in the adsorbed face of the crystal is lower than the value estimated from a calculation that considers a surface uniformly covered and free of defects. The surface quality of the crystal used in the experiments can also influence the results, as the surface stress would be reduced by the presence of defects such as steps or step-bunches. This problem was avoided in our µ-LEED measurements by choosing a region free of atomic steps. 
The tendency of the strain relaxation, ǫ, to decay faster along [001] compared to [110] supports this argument. However, the difference between the measured inverse power p = 2.76 (see Table I ) and the estimated inverse square relationship along [001] is statistically significant. One issue that we have ignored in the discussion of the spot profiles and relaxations is related to the island size and shape distribution. In general the boundaries of oxygen islands do not run simply along [110] and [001] . STM studies of low oxygen coverages show a variety of island shapes possibly elongated in the 111 directions. 24 However, from our two-dimensional LEED spot profiles, we were able to determine only a mean elongation along [110] . In addition to the shape, the details of the island size distribution depend on the oxygen coverage. 25 It is plausible that a coverage dependent change in the asymmetry of this distribution would modify the power law of the apparent (or mean) strain relaxation. We believe that, with a more sophisticated analysis of the integral order LEED spot profiles, the semi-quantitative strain-relaxation model described in this paper can be generalized to study the surface stress in a wide range of adsorbate systems and ultra-thin films. 
